Abstract
physical cycles, including diel, tidal, lunar, and annual rhythms. These rhythms are highly predictable 23 and have resulted in the evolution of biological clocks throughout the tree of life [1] . Most biological 24 activities have rhythmic time structure, which scales from gene expression to life history events such 25 as breeding and hibernation. Rhythmic time structure allows organisms to partition and prioritize life 26 history activities-whether they are molecular or behavioral-relative to predictable fluctuations in en-27 vironmental conditions. For example, for cyanobacteria, which are an ancient lineage, sunlight provides 28 both energy and risk. Cyanobacteria have adapted to this challenge by temporally partitioning photo-29 synthesis from UV-sensitive DNA replication [2] . Likewise, throughout the year, organisms must meet 30 survival needs, while seasonally requiring further resources for reproduction and other activities. This 31 leads to annual cycles of life history, when animals alternate between reproductively active states and 32 inactive states such as dormancy, hibernation, or migration, a retreat to wintering grounds that buffer 33 against resource scarcity [1] .
34
Over evolutionary time, organisms have adapted to environmental fluctuations by an internal rep- 35 resentation of time-endogenous biological clocks-that perpetuate biological rhythms even when en-36 vironmental conditions are kept constant. These rhythms are characteristically innate, evidenced by 37 particularly tricky. For hosts, massive investment into parasite resistance, for instance, might only be 81 energetically feasible during a resource pulse (i.e., opportunity) also favorable for reproduction, resulting 82 in an optimization problem for resource allocation to survival versus reproduction [19] . Yet hosts also 83 undoubtedly face the challenge of mitigating the deleterious effects of parasites when resources are 84 scarce, a situation that might favor investment into parasite tolerance versus resistance. For parasites, 85 not only does the host immune response impose risk, additional risks can be introduced by environmental 86 regimes during transmission [20] or environmental life stages [21] ; which has led to parasite risk avoidance 87 strategies such as climate-driven arrested development [22] . For both hosts and parasites, therefore, 88 external environmental conditions impose selective pressure by providing fluctuating opportunity for 89 reproduction and risk of mortality. These exogenous factors need not be identical for hosts and parasites, 90 although they co-occur in the same physical environment. For example, we need not expect that 91 rhythms in parasite reproduction, host reproduction, and host immune investment be synchronized. An 92 empirical case of this is the seasonal influence of temperature and humidity on development of the free-93 living nematode parasite (Trichostrongylus) of rabbits, which results in an autumn peak in the force of 94 infection; whereas, the rhythm in host immunocompetence has a peak in the springtime [23] .
95
The temporal structure of host immunity and parasite success suggests that constraints (1) preclude 96 hosts from maintaining high levels of parasite resistance, and (2) prevent parasites from sustaining 97 high reproductive output (fitness). Such constraints would result in trade-offs between investments in 98 opportunity versus risk avoidance [19, 24] . Consequently, we hypothesize that both hosts and parasites 99 time their biological processes with reference to both the external environment and each other, and that 100 therefore in many cases periodic incidence of infectious disease is a consequence of biological rhythms, 101 as has been suggested elsewhere (e.g., [25] ). Below, we first lay out empirical evidence for the role 102 of rhythms in host-parasite interactions. In order to inspire quantitative study of biological rhythms in 103 host-parasite systems, we utilize a transmission model to illustrate the epidemiological consequences of 104 rhythms. We then formulate a conceptual evolutionary model for understanding host-parasite dynamics 105 embedded within the rhythmic context in which they are evolving.
106

Biological Rhythms in Host and Parasite Traits
107
The incidence of many infectious diseases displays substantial seasonality [26] [27] [28] [31] [32] [33] [34] for extensive reviews).
114
Although rhythms in immunity are observed across a broad array of taxa, including plants [35, 36] which is highlighted by the local circadian clock of macrophages [46] , and the feedback between immu-138 nity and molecular, cellular, and behavioral rhythms. The emerging picture is that the immune system 139 is an active component of integrated whole-body circadian rhythms in animals [50] and plants [35, 36] Interspecific influence of parasites on one another's rhythm, to our knowledge, has only been described it has already been documented for other systems (e.g., in bioluminescent squid light organ symbionts 234 and in mammalian gut microbiota) [4, 91] .
235
Despite our knowledge of (1) rhythmic host immunity and physiology, (2) rhythms in parasite repro-236 duction and transmission, and (3) enticing evidence that host rhythms can impact parasite fitness and 237 be exploited by parasites, the effects of biological rhythms on host-parasite dynamical processes remain 238 poorly understood. We surmise that careful consideration of biological rhythms in infectious disease 239 ecology and evolution will provide a better understanding of (1) daily and annual patterns of diseases,
240
(2) within-host parasite dynamics, and (3) parasite transmission. In order to determine how biological rhythms impose temporal structure on host-parasite dynamical 244 processes, we can integrate empirical data on host and/or parasite rhythms into epidemiological and 245 evolutionary models. Biological rhythms research has great potential for feedback between laboratory 246 studies, field ecology, and dynamical systems modeling. First, rhythms in immunity characterized under 247 laboratory or field conditions can be used in transmission models to make predictions about the epi- and migratory culling act collectively to shape the observed incidence of disease, which is the model 274 output shown in Figure 1E . We define the resulting seasonal window of elevated disease incidence as In addition to the epidemiological consequences of rhythms, we can benefit from understanding the 288 feedback between host and parasite rhythms and the multiple axes that shape their temporal structure.
289
Thus, we provide a conceptual evolutionary model for understanding how hosts and parasites time their 
307
The last and crucial component of our model is the evolutionary feedback between host and parasite 308 rhythms. We propose that due to parasite-induced host morbidity and mortality, selection can drive 309 changes in host seasonal immune defense. Subsequently, since host immune defense is one of the 310 seasonal axes influencing parasites, selection will favor changes in the parasite rhythm. This interplay 311 can continue, driving hosts and parasites to sequentially alter their seasonal rhythms while working 312 within the constraints of environmental conditions. Figure 2E shows these steps.
313
We suggest that under certain conditions this can escalate into an evolutionary arms race. In this 314 framework, the prerequisite for an arms race is that parasite fitness is sufficiently impacted by the 315 temporal structure of the host immune response, and that the host immune response is predictably 316 rhythmic. To be clear, when considering the temporal structure of immune defense, reference to "low" rhythm by changing reproduction within hosts, or release from hosts (parasite changes in Figure 2E ).
327
As with other host-parasite arms races, an arms race in the temporal domain is subject to tradeoffs for 328 both the host and the parasite that might constrain the extent to which their rhythms can be altered. 
Conclusion
334
There is enticing evidence that biological rhythms are structuring elements of host-parasite interac- and parasite release from hosts can impose temporal structure on transmission, which can be leveraged 347 for interventions such as deworming campaigns.
348
We believe that a multi-disciplinary approach at the intersection of Chronobiology, Disease Ecology , and the subset of infections that are observed as symptomatic cases, C. The model is parameterized using the life history of Siberian stonechats. Four seasonal rhythms enter into the model (births, temperature, immunity, and migration). Host births, B t , are seasonal. The transmission rate, β t , is a function of (1) an environmental rhythm (i.e., temperature) that influences parasite transmissibility, and (2) the seasonal immune status of hosts. We assume seasonal immunity also influences the recovery rate, γ t , and the probability of symptoms, ρ t . We also assume infected individuals suffer disease-induced mortality, κ t , associated with the autumn migration (i.e., migratory culling), which multiplies the (here constant) rate of natural mortality δ. (C) Annual fluctuations in temperature and birth seasonality in Siberian stonechats [95] . (D) Annual host immunity is based on bacterial killing activity [53] , elevated mortality during autumn migration is inferred from natural migratory timing. (E) Incidence of symptomatic cases assuming: temperature has a positive correlation with transmission, bacterial killing activity reduces transmission, reduces the probability of symptoms, and increases the recovery rate. The four seasonal rhythms act collectively to determine the parasite's temporal niche, the time of year when the parasite is abundant and disease outbreaks occur. (A) Host immune defense is resource-driven and tracks the host's environmental conditions (i.e., host resource availability). (B) Host immune defense has an inverse relationship with environmental conditions; this could occur due to a trade-off against investment into reproduction during high resource availability. (C) Resourcedriven immune defense in a migrating species that has reduced immune defense during migration. Migrations (indicated by black points) result in shallower environmental troughs since individuals migrate to regions with higher resource availability. For all scenarios, we consider immune defense to be resistance to the parasite in question, although we acknowledge that this simplifies the complexity of the immune system (e.g., independent immunomodulation of innate or adaptive immune parameters). For the resource-driven host immune defense strategy, in (D) we show seasonal parasite fitness shaped by both environmental conditions and seasonal host immune defense. Although host and parasite co-occur in the same physical environment, the environmental rhythms pertinent to the parasite need not be identical to the environmental rhythms pertinent to the host, which is why we distinguish host versus parasite environmental rhythms. (E) Arms race between host and parasite. For illustrative purposes, the arms race is initiated with resource-driven host immune defense and parasite seasonality. The host changes the seasonal timing of peak immune defense to coincide with peak parasite fitness. We then switch to the parasite perspective to consider the parasite's environment. In response to the new host seasonality, the parasite changes its timing of peak reproductive output. These cycles can continue, with both host and parasite seasonality shifting within the bounds of their respective environmental constraints. which they are exposed is changing day length, their annual rhythms in immunity would be lost.
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The authors found that not only did the annual rhythm in immunity persist under these controlled 402 conditions but also that the subgroups and hybrids of the birds showed specific patterns. The long-403 distance migrants displayed seasonality in 4 immunity parameters, which included bacterial killing ability
404
( Figure 1D ). The short-distance migrants displayed seasonality in only 3 immunity parameters, and the Macroparasites -parasites that are large and typically metazoans (e.g., helminths)
Microparasites -parasites that are small and often unicellular (e.g., pathogenic viruses, bacteria, and fungi)
Macrophage -phagocytes, often referred to as big eaters because they engulf invading bacteria and are responsible for clearance of dead (apoptotic) cells. Macrophages are one of the cells responsible for detection and restriction of parasite invasion.
Parasite Resistance -The ability of the host's immune response to prevent infection from establishing or limit parasite replication. Parasite resistance has a negative impact on parasite fitness [128] .
Parasite Tolerance -The ability of the host to mitigate the pathological consequences of infection, rather than mitigate infection itself. Parasite tolerance does not necessarily have a negative impact on parasite fitness [128] .
